Pseudomonas rhodesiae KK1 has been reported to degrade polycyclic aromatic hydrocarbons (PAHs), such as anthracene, naphthalene, and phenanthrene, which are considered major environmental contaminants. Interestingly, antioxidant genes, including superoxide dismutase, are known to be expressed at different levels in response to environmental contaminants. This study was performed to identify the superoxide dismutase gene in strain KK1, which may be indirectly involved with degradation of PAHs, as well as to investigate the expression pattern of the superoxide dismutase gene in cells grown on different PAHs. Two types of superoxide dismutase genes responsible for the antioxidant defense mechanism, Mn-superoxide dismutase (sodA) and Fe-superoxide dismutase (sodB), were identified in P. rhodesiae KK1. The sodA gene in strain KK1 shared 95% similarity, based on 141 amino acids, with the Mn-sod of P. fluorescens Pf-5. The sodB strain, based on 135 amino acids, shared 99% similarity with the Fe-sod of P. fluorescens Pf-5. Southern hybridization using the sod gene fragment as a probe showed that at least two copies of superoxide dismutase genes exist in strain KK1. RT-PCR analysis revealed that the sodA and sodB genes were more strongly expressed in response to naphthalene and phenanthrene than to anthracene. Interestingly, sodA and sodB activities were revealed to be maintained in cells grown on all of the tested substrates, including glucose.
Introduction
Recently, studies on the roles of antioxidant enzymes such as catalase and superoxide dismutase for degradation of pollutants have been attracted by environmental microgiologists [5, 10, 17, 21] . Polycylcic aromatic hydrocarbons (PAHs) are representative ones which have been reported cytotoxic, mutagenic, and potentially carcinogenic [2] . These chemicals also might play a role of environmental stressors to microorganisms. Reactive oxygen species (ROS) such as H2O2, OH -and O2 -are strong oxidants and often produced in microorganisms during metabolism of PAHs.
Mechanisms for production and the removal of ROS in microorganisms have been studied for ages by many microbiologists, resulting in elucidation of the gene structures and functions of catalases and superoxide dismutases which are involved with removal of ROS [3, 11, 12, 16, 20] . Strong oxidative stress caused by high concentration of ROS might be lethal to most organisms, because many antioxidant enzymes including catalases and superoxide dismutases so far identified are not able to function at such high concentration.
It has been reported that sodA activities are inducible under oxidative stress in Pseudomonas strains [15, 20] . The superoxide dismutase (SOD) is among the microbial defense systems against oxidative stress from ROS. ROS may not only be harmful or damaging to microbial cells, but it may decrease the survival rate of microorganisms in environment.
Antioxidant enzymes including SOD have been known to play critical roles of scavenging ROS. Microorganisms frequently face oxidative stresses caused by the pollutants themselves or intermediates generated during biodegradation processes even though they can utilize a pollutant as a substrate. Methyl-tert butyl ether was found to induce the expression of two types of superoxide dismutase (SodM and SodF) in Pseudomonas putida KT2440 [13] . The overexpression of these antioxidant enzymes may be effective in scavenging the ROS generated during naphthalene degradation in P. putida KT2440 [10] . Pseudomonas rhodesiae KK1 has been reported to be able to utilize PAHs such as anthracene, naphthalene and phenanthrene [9] . This study focuses on the identification of SOD as well as on the analysis of relative transcriptional expression of antioxidant enzymes responding to PAHs in P. rhodesiae KK1.
Material and Methods
Cell growth and PAHs-induced stress Pseudomonas rhodesiae KK1 cells were pre-grown in LB medium at 30°C for 18 hr, and 1 ml of the culture was transferred to a set of flasks containing 100 ml of the same medium, and further grown at 30°C until the optical density reached 0.5-0.6 at 600 nm. [16] . Superoxide dismutase activity was measured according to the method mentioned previously [1] . A reaction mixture containing 3 ml of 100 mM K-phosphate buffer (pH 7.8), 0.1 mM EDTA, 12 mM L-methionine, 75 μM nitroblue tetrazolium chloride (NBT), 2 μM riboflavin, and 0-50 μl of enzymatic extract was exposed to illumination from a 30-W fluorescent lamp for 15 min at 15, 20, 30, 40, and 50˚C to start the photochemical reduction of NBT to blue formazan, which was measured as the increase in absorbance at 540 nm using an ELISA microplate reader. One SOD unit was defined as the amount of enzyme required to inhibit 50% of the NBT photo reduction in comparison with tubes without the tissue extract that were kept in the dark. All the activity tests were performed in three times.
Cloning and identification of superoxide dismutase to draw the phylogenetic affiliation using CLUSTAL W software as mentioned previously [16] .
RNA extraction and transcriptional expression analysis by RT-PCR
Total RNA was extracted from KK1 cells grown on PAH such as anthracene, naphthalene and/or phenanthrene using RNeasy Mini kit (Qiagen, Valencia, CA, U.S.A.) with RNasefree DNase, and quantified at 260 nm by spectrophotometer for synthesis of cDNA. KK1 cells grown on glucose were also used for RNA extraction as the positive control. cDNA was constructed using Cells were pre-grown on LB medium and collected. Cells grown to 0.5-0.6 at 600 nm were transferred to BM medium containing PAHs or oxidative stressors and incubated at 160 rpm at 30℃. Glucose was used as control. Total protein (10ug) isolated from cells following 6h incubation was used activity staining. A, PAH-induced. Lanes 1, glucose; 2, anthracene; 3, naphthalene; 4, phenanthrene. 
Results and Discussion
Enzyme activity of superoxide dismutase in Pseudomonas rhodesiae KK1 P. rhodesiae KK1 has the degradation ability for PAHs such as anthracene, naphthalene and phenanthrene [9] . Negative stain-based analysis of superoxide dismutase (SOD) in cell extracts of strain KK1 grown on BM medium containing glucose, anthracene, naphthalene, and/or phenanthrene revealed the existence and expression of Sod (Fig. 1 
Identification and analysis of SOD genes in Pseudomonas rhodesiae KK1
The approximately 420-bp putative superoxide dismutase gene fragment amplified by PCR was found to contain two types of superoxide dismutase in P. rhodesiae KK1. One of them was Mn-superoxide dismutase (sodA) composed of 423-bp and 141 amino acids, and the other is Fe-superoxide dismutase (sodB) composed of 405-bp and 135 amino acids (Fig. 3, Fig. 4) .
Both Mn-and Fe-SOD have been found in many prokaryotic bacteria including Pseudomonas species [6, 13, 15, 19, 20] .
Multialignment analysis based on 141 amino acids showed that sodA in strain KK1 shared 95% similarity with Mn-sod of P. fluorescens Pf-5 [19] , 92% with Mn/Fe-Sod of P. fluorescens PfO-1 [22] , 89% with of Mn-sod of P. syringae pv. tomato str. DC3000 [12] and 88% with Mn-sod of P. aeruginosa PAO1 [23] . The sodB shared 99% similarity, based on 135 amino acids, with Fe-sod of P. fluorescens Pf-5 [19] and super- Fig. 2 . Phylogenetic analysis of ring-hydroxylating dioxygenase genes from P. rhodesiae KK1 and other bacterial strains based on multiple alignment of the deduced amino acid sequence. suggested that at least more than two copies of superoxide dismutase exist in strain KK1. These results were consistent with the previous studies [6, 18, 19, 23] , in that more than two copies of superoxide dismutase genes have been found in many Pseudomonas species such as P. putida, P. fluorescens, P. syringae and P. aeruginosa.
Effect of PAHs on transcriptional expression of SOD genes in Pseudomonas rhodesiae KK1
The transcriptional gene expression pattern of SOD genes in response to PAHs in P. rhodesiae KK1 cells was investigated based on RT-PCR analysis, along with that of the ring-hydroxylation gene responsible for the cleavage of aromatic ring. It was found that the ring-hydroxylating gene expression in the transcriptional level was more stimulated in KK1 cells grown with naphthalene and phenanthrene than glucose and anthracene, suggesting that expression of ring-hydroxylating gene for the degradation of PAHs in strain KK1 might be quickly stimulated by naphthalene and phenanthrene (Fig. 6) . Interestingly, the PAH ring-hydroxylating gene product is found in the basic level in the glu- 
